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Essential Roles in Synaptic Plasticity
for Synaptogyrin I and Synaptophysin I
they are phosphorylated by an endogenous src-like tyro-
sine kinase on synaptic vesicles (Barnekow et al., 1990;
Linstedt et al., 1992). This indicates that synaptophysin
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I and synaptogyrin I are physiological substrates for1Howard Hughes Medical Institute
tyrosine kinases of the c-src family. In addition to being2Center for Basic Neuroscience
distantly related, both synaptophysin I and synaptogyrin3Department of Molecular Genetics
I are members of larger gene families that include neu-4Department of Biochemistry
ronal and nonneuronal members. For synaptophysin I,The University of Texas Southwestern
these are the synaptic vesicle protein synaptoporin/syn-Medical School
aptophysin II (Knaus et al., 1990) and the nonneuronalDallas, Texas 75235
proteins pantophysin and mitsugumin29 (Haass et al.,5Howard Hughes Medical Institute
1996; Takeshima et al., 1998). For synaptogyrin, a singleand Department of Pharmacology
additional neuronal and a single nonneuronal isoformCenter for Neurobiology and Behavior
(synaptogyrin III and cellugyrin, respectively) have beenColumbia University
described (Janz and SuÈ dhof, 1998; Kedra et al., 1998;New York, New York 10032
Sugita et al., 1999).
Despite considerable effort, the functions of synapto-
gyrin I and synaptophysin I have remained obscure. InSummary
transfected PC12 cells, synaptophysin I and synapto-
gyrin I are potent inhibitors of exocytosis that are asWe have generated mice lacking synaptogyrin I and
effective as tetanus toxin light chain (Sugita et al., 1999).synaptophysin I to explore the functions of these abun-
This result suggested that synaptophysin I and synapto-dant tyrosine-phosphorylated proteins of synaptic
gyrin I are strong regulators of exocytosis. Suprisingly,vesicles. Single and double knockout mice were alive
however, knockout of synaptophysin I resulted in noand fertile without significant morphological or bio-
detectable phenotype (McMahon et al., 1996). It is possi-chemical changes. Electrophysiological recordings
ble that this lack of an effect of the synaptophysin Iin the hippocampal CA1 region revealed that short-
knockout, in spite of the abundance of synaptophysinterm and long-term synaptic plasticity were severely
I (7% of the total vesicle protein; Jahn et al., 1985), may
reduced in the synaptophysin/synaptogyrin double
have been due to redundancy caused by the presence
knockout mice. LTP was decreased independent of
of synaptoporin or synaptogyrins. Since synaptoporin
the induction protocol, suggesting that the defect in is not tyrosine phosphorylated (Janz and SuÈ dhof, un-
LTP was not caused by insufficient induction. Our data published data) and has a more restricted distribution
show that synaptogyrin I and synaptophysin I perform in brain than synaptophysin I and synaptogyrin I (Bau-
redundant and essential functions in synaptic plastic- mert et al., 1990; Marqueze-Pouey et al., 1991; Fykse
ity without being required for neurotransmitter release et al., 1993), synaptogyrin is a more likely candidate for
itself. redundancy.
The role of tyrosine phosphorylation in synaptic trans-
Introduction mission is unclear. Overwhelming evidence suggests
that tyrosine phosphorylation is involved in long-term
Synaptogyrin I and synaptophysin I are abundant synap- potentiation (LTP) in the hippocampal CA1 region. Appli-
tic vesicle proteins that together account for ≈10% of cations of tyrosine kinase inhibitors block LTP in the
the total vesicle protein (Jahn et al., 1985; Wiedenmann CA1 region and the dentate gyrus (O'Dell et al., 1991;
and Franke, 1985; Baumert et al., 1990; Jahn and SuÈ d- Abe and Saito, 1993). In knockouts of c-fyn, a src-related
hof, 1993; Stenius et al., 1995). Synaptophysin I and tyrosine kinase, LTP is abolished (Grant et al., 1992).
synaptogyrin I are composed of four transmembrane This phenotype is reversed by postnatal expression of
regions and a tyrosine-phosphorylated cytoplasmic tail a fyn transgene and thus is not a developmental effect
(Johnston et al., 1989; Stenius et al., 1995; Janz and (Kojima et al., 1997). Biochemical interference with c-src
SuÈ dhof, 1998). They are distantly related, suggesting a activity also abolishes LTP (Lu et al., 1998). However,
common evolutionary origin, and represent the most the mechanism of action of tyrosine kinases in LTP is
abundant tyrosine-phosphorylated proteins of synaptic unclear, with most evidence favoring a postsynaptic ef-
vesicles (Pang et al., 1988; Baumert et al., 1990). Synap- fect. For example, N-methyl-D-aspartate (NMDA) recep-
togyrin I and synaptophysin I are substrates for c-src tors are tyrosine phosphorylated by src-like kinases
(Moon et al., 1994; Wang and Salter, 1994), and inductiontyrosine kinase in vitro (Janz and SuÈ dhof, 1998). In vivo,
of LTP in dentate gyrus increases the tyrosine phosphor-
ylation of NMDA receptors (Rosenblum et al., 1996; Ros-
6 To whom correspondence should be addressed (e-mail: tsudho@ tas et al., 1996). We have now explored the functions
mednet.swmed.edu).
of synaptogyrin I and synaptophysin I in mice using a7 Present address: Department of Neurobiology and Anatomy, The
knockout approach. We generated mice lacking synap-University of Texas Houston Medical School, Houston, Texas 77030.
togyrin I and bred double knockout mice deficient in8 Present address: McLean Hospital, Department of Psychiatry, Har-
vard Medical School, Belmont, Massachusetts 02478. both synaptophysin I and synaptogyrin I. Analysis of the
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Figure 1. Generation of Synaptogyrin I Knock-
out Mice
(A) Gene targeting strategy. A genomic clone
containing two exons of the synaptogyrin
gene (putative exons II and III encoding resi-
dues 34±112 and 113±161, respectively; top
line drawing) was used to construct a tar-
geting vector that deletes exon II (middle).
The targeting vector contains a central neo-
mycin resistance gene cassette (neo) for pos-
itive selection. The neo cassette is flanked by
long and short arms and two copies of the
HSV thymidine kinase gene (2xTK) for nega-
tive selection. Homologous recombination
shortens a 12 kb genomic BamHI wild-type
fragment to a 9 kb knockout fragment, as
analyzed with a probe from outside the tar-
geting vector (probe). The locations of BamHI
(B) and EcoRI sites (E) are indicated.
(B) Southern blot analysis of BamHI-digested
genomic DNA from offspring of crosses be-
tween heterozygous synaptogyrin mutant
mice. The wild-type allele generates an ≈12
kB BamHI fragment and the mutant allele an
≈9 kB fragment. Genotypes are identified on
top of the blot (1/1, wild-type; 1/2, hetero-
zygous; 2/2, homozygous mutant mice).
(C) Immunoblot analysis of total brain pro-
tein of wild-type (1/1), heterozygous (1/2),
and homozygous (2/2) synaptogyrin mutant
mice using antibodies to synaptogyrin, syn-
aptophysin, and synaptobrevin II. Positions
of molecular weight markers are indicated on
the left. Note the decrease in synaptogyrin
levels in the heterozygotes.
mutant mice reveals that these vesicle proteins perform that approximately 4% of selected clones represented
homologous recombinants. We generated a mouse lineessential and redundant functions in synaptic plasticity
without being required for synaptic transmission as such. carrying the targeted synaptogyrin I gene from one of
the selected embryonic stem cell clones. Breeding of
heterozygous mice demonstrated that homozygousResults
mutant mice were viable and fertile (Figure 1B). Genotyp-
ing of the offspring from heterozygoous crossings re-Generation of Synaptogyrin I and Synaptophysin I
Knockout Mice vealed a normal Mendelian distribution of the mutant
gene, indicating that there is no selection against synap-To obtain mouse mutants of synaptogyrin I, we isolated
a genomic clone containing part of the synaptogyrin I togyrin deficiency (data not shown).
To ensure that gene targeting abolished synaptogyringene. We identified two exons that encode residues
34±112 and 113±161 of synaptogyrin I. Because of their I expression, we analyzed wild-type and mutant brains
by immunoblotting (Figure 1C). No synaptogyrin I proteinpositions in the coding region, these exons were tenta-
tively named exons II and III (Figure 1A). Using the geno- was detectable in the homozygous knockout mice, con-
firming that we had abolished its expression. Since micemic clone, we constructed a targeting vector for homolo-
gous recombination in which exon II is replaced by a lacking synaptogyrin I were viable and fertile, we bred
them against synaptophysin knockout mice that wereneomycin-resistance gene cassette for positive selec-
tion, and two copies of the HSV thymidine kinase gene generated previously and were also viable and fertile
(McMahon et al., 1996). Double knockout mice wereare included for negative selection (Figure 1A). Deletion
of exon II by gene targeting should abolish synaptogyrin readily obtained in these crossings and were viable and
fertile, demonstrating that the combined action of theseI expression because exon II encodes two transmem-
brane domains of synaptogyrin I. Furthermore, if exons genes is not essential for life. We observed no manifest
morbidity or mortality up to 24 months of age. SinceI and III were joined in the absence of exon II, their
junction would be out-of-frame, thereby also leading to large numbers of mice were required for further analysis,
we bred the mice in a breeding strategy that providesa null mutant. We transfected the targeting vector into
ES cells and selected cells with G418 and FIAU. Analysis for a continuous mixing of the genetic background (Fig-
ure 2). The strategy was designed to avoid brother/sisterof double-resistant clones by Southern blotting showed
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Figure 2. Breeding Strategy of Synaptogyrin
I and Synaptophysin I Knockout Mice
In the F0 generation, five homozygous mutant
synaptogyrin I mice were mated with five ho-
mozygous mutant synaptophysin I mice to
yield a generation of heterozygous mice (F1;
13 females, 10 males). These mice were in-
terbred as indicated under avoidance of
brother/sister matings to obtain an F2 gener-
ation that included double knockout mice,
single knockout mice, and wild-type mice in
the indicated numbers in addition to single
and double heterozygotes. The heterozy-
gotes were discarded. The homozygotes
were used for further interbreeding with at
least 10 independent founder mice per geno-
type. Brother/sister matings were again ex-
cluded as indicated for double knockout mice
(black full symbols). Most analyses were per-
formed with mice from the F4 generation.
matings and prevents fixing defined allelic combinations synaptotagmin, or synaptobrevin II serve as a biochemi-
cal measure of synaptic vesicles' abundance (Rosahlfor every point in the genome as would be obtained if
lines were generated and maintained by inbreeding. et al., 1995). However, we observed no decreases or
compensatory increases in integral membrane proteins
of synaptic vesicles in the single and double knockout
Brain Structure and Composition Is Normal mice (Table 1). This indicates that the number of synaptic
in Synaptogyrin I and Synaptophysin I vesicles is unchanged in the knockout mice.
Knockout Mice
We performed an extensive morphological and bio- Glutamate Release from Synaptosomes Lacking
chemical analysis of single and double knockout mice Synaptogyrin I and Synaptophysin I Is Normal
for synaptogyrin I and synaptophysin I. This analysis The viability and fertility of the double knockout mice
failed to uncover significant differences between wild- and the lack of significant morphological or biochemical
type and knockout mice, suggesting that the architec- changes suggested that these mice do not suffer from
ture and composition of synapses are unaltered despite major impairments in neurotransmitter release. To con-
the loss of ≈10% of the total synaptic vesicle protein. In firm this, we directly measured glutamate release from
this analysis, we first examined the brains from knockout neocortical synaptosomes. Synaptosomes were pre-
and wild-type mice by immunocytochemistry with a vari- pared from wild-type and double knockout mice, loaded
ety of antibodies. No abnormalities were noticed, indi- with 3H-glutamate, and placed in superfusion chambers.
cating that the synaptogyrin I and synaptophysin I We then measured glutamate efflux under baseline con-
knockouts do not lead to developmental changes in ditions and after application of short stimulatory pulses
brain structure (Figure 3; data not shown). For example, of KCl (25 mM) or hypertonic sucrose (0.5 M; Figure 4).
the hippocampal region was indistinguishable between KCl evoked an increase in glutamate release that was
double knockout and wild-type mice; in particular, the absolutely Ca21 dependent (data not shown). Sucrose
aberrant neuronal migration in the dentate gyrus that is had a much more substantial effect, consistent with
typically seen in c-fyn knockout mice (Grant et al., 1992) the notion that it efficiently releases the entire readily
was not observed (Figure 3). The characteristic labeling releasable pool of vesicles (Figure 4; Rosenmund and
pattern for synaptoporin, the closest synaptophysin I Stevens, 1996; Lonart et al., 1998). The amount of re-
homolog, was unchanged, as was the distribution of lease observed was highly reproducible between differ-
rab3A, a synaptic vesicle GTP-binding protein (Figure ent mice and synaptosome preparations. However, we
3). Similar results were obtained with other brain regions detected no changes in glutamate release in the double
and several other antibodies in brains from single and knockout mice either under baseline conditions or after
double knockout mice (data not shown). stimulation with KCl or sucrose, suggesting that the
To enable the detection of more subtle changes in basic release machinery is fully operational in the knock-
brain composition, we analyzed the brains of wild-type out mice.
and knockout mice biochemically using quantitative im-
munoblots (Table 1). Again, we found no significant Short-Term Synaptic Plasticity Is Impaired
changes, suggesting that the biochemical composition in Knockout Mice Lacking Synaptogyrin I
of synapses is not dramatically altered. The analysis of and Synaptophysin I
synapsin knockout mice demonstrated that in mice, the To examine if neurotransmission is changed in synapto-
physin I and synaptogyrin I knockout mice, we measuredlevels of integral synaptic vesicle proteins such as SV2,
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Figure 3. Immunohistochemical Analysis of the Hippocampus from Wild-Type and Double Knockout Mice Lacking Synaptogyrin I and Synapto-
physin I
Pictures show sagittal sections of wild-type (A, C, and E) and mutant brains (B, D, and F). Sections were stained with antibodies to synaptogyrin
(A and B), synaptoporin (C and D), and rab 3A (E and F). Immunoreactivity was visualized using the peroxidase-anti-peroxidase method with
heavy metal enhancement. The dentate gyrus (DG), CA1 region (CA1), CA3 region (CA3), and cortex (C) are identified in (A). The calibration
bar in (A) corresponds to 200 mm and applies to all panels.
excitatory postsynaptic field potentials (EPSPs) from facilitation (PPF). The synaptogyrin I knockouts exhib-
ited normal PPF (Figure 5A). As shown previously usingarea CA1 of the hippocampus in response to stimulation
of Schaffer collateral/commissural fibers. EPSPs of nor- whole-cell recordings of individual CA1 neurons (McMa-
hon et al., 1996), synaptophysin I knockouts also dis-mal size and appearance could be obtained in the differ-
ent knockout mice, confirming the biochemical conclu- played no change in PPF (Figure 5B). In synaptogyrin/
synaptophysin double knockouts, however, we de-sion that the basic release machinery is intact in the
absence of synaptophysin and synaptogyrin (data not tected a marked impairment in PPF at all interpulse
intervals examined (Figure 5C). With a 50 ms interval,shown). We then studied the short-term regulation of
neurotransmitter release by investigating paired-pulse PPF decreased from a value of 1.50 6 0.05 (mean 6
Functions of Synaptogyrin and Synaptophysin
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Table 1. Protein Levels in Wild-type and Knockout Mice
Genotype
Protein Wild-Type Synaptogyrin Knockout Synaptophysin Knockout Double Knockout
CASK 100 6 10 78 6 16 117 6 13 109 6 18
Cellugyrin 100 6 11 97 6 42 121 6 13 105 6 16
Synaptophysin II 100 6 8 101 6 10 138 6 12 123 6 15
Mint 100 6 8 95 6 10 104 6 9 95 6 10
Munc 18-1 100 6 7 106 6 12 115 6 9 104 6 7
PSD 95 100 6 4 93 6 14 107 6 7 107 6 5
Rab3A 100 6 3 98 6 12 82 6 4 95 6 4
Rabphilin-3A 100 6 8 117 6 25 122 6 10 124 6 9
SNAP 25 100 6 4 118 6 5 126 6 4 121 6 4
SV2 100 6 5 102 6 3 75 6 8 103 6 3
Synapsin 1 100 6 6 105 6 17 103 6 8 89 6 4
Synapsin 2a 100 6 8 126 6 32 116 6 17 89 6 2
Synapsin 2b 100 6 5 118 6 20 101 6 5 88 6 4
Synaptobrevin II 100 6 4 111 6 4 110 6 4 114 6 6
Synaptotagmin I 100 6 9 102 6 13 119 6 6 122 6 10
Syntaxin 100 6 5 130 6 6 100 6 8 127 6 12
Protein concentrations were determined by quantitative immunoblots using 125I-labeled secondary antibodies and phosphoimager detection.
Signals were normalized for the signal obtained with an NMDA receptor 1±specific antibody used as internal control in every sample.
Concentrations are expressed as percent of wild-type controls analyzed on the same blots. Data are means 6 SEM from triplicate determina-
tions. Differences observed between the different genotypes are within the range of variation.
SEM, n 5 6) in wild-type mice to 1.34 6 0.04 (n 5 8) in synaptogyrin I, no changes were observed (Figures 7A
and 7B). However, in the double knockouts, LTP gener-the double knockout mice (P , 0.008; t 5 2.8).
We next measured posttetanic potentiation (PTP). ated in response to tetanic field stimulation of the
Schaeffer collateral pathway was significantly reducedAgain, synaptophysin knockouts exhibited no changes
(Figure 6A). In contrast, PTP was decreased in synapto- from a control value of 1.44 6 0.015 (n 5 6) to 1.22 6 0.06
in the knockouts (measured 55±60 min after induction)gyrin-deficient mice, indicating that synaptogyrin alone
is essential for physiological PTP induction (Figure 6B). (Figure 7C). This effect could be the result of a direct
involvement of synaptogyrin I and synaptophysin I inThis phenotype was aggravated in the double knockout
in which PTP was reduced by 50% from a peak value LTP. Alternatively, it may be caused by insufficient post-
synaptic depolarization during LTP induction becauseof 1.58 6 0.05 (n 5 6) in wild-type mice to 1.29 6 0.06
(n 5 8) in the double knockout mice (P , 0.001; t 5 the decrease in PTP in the double knockout mice could
translate into insufficient postsynaptic depolarization3.54) (Figure 6C).
during the standard LTP induction procedures. To differ-
entiate between these two possibilities, we induced LTPLTP Is Impaired in Mice Lacking Synaptogyrin I
and Synaptophysin I by a voltage-pairing protocol in which the presynaptic
input pathway is stimulated at a low frequency (2 Hz forSince short-term synaptic plasticity is altered in the
synaptogyrin/synaptophysin double knockout mice, it 40 s), and the postsynaptic CA1 cell is depolarized to
110 mV under whole-cell voltage clamp conditions. Theseemed possible that LTP would also be affected. When
we studied single knockouts in synaptophysin I and imposed depolarization ensures that the Mg21 block of
Figure 4. Glutamate Release from Synapto-
somes
(A) Synaptosomes from wild-type (WT) and
synaptogyrin/synaptophysin double knock-
out mice (DKO) were loaded with 3H-gluta-
mate and superfused with Krebs-bicarbonate
buffer under continuous monitoring of gluta-
mate efflux. Release was induced by 30 s
pulses of 25 mM KCl (K1) after 3 min superfu-
sion and of 0.5 M sucrose after 10 min su-
perfusion. Fractions were collected in 1 min
intervals, and the fractional release rate of 3H-
glutamate was calculated as percent of the
total glutamate present at that time point in
the synaptosomes. The graph shows a repre-
sentative experiment using two mice of each
genotype in duplicate measurements. Error
bars, SEM.
(B) Summary graph of 3H-glutamate release in wild-type and double knockout mice from four experiments. Release observed in the second
minute of collection was taken as basal release. KCl (K1) and sucrose-induced peak release was calculated as the sum of the two peak
release rates induced by the stimulus. The data are mean 6 SEM.
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Figure 5. Paired-Pulse Facilitation in Synaptophysin I, Synaptogyrin I, and Double Knockout Mice
Pairs of presynaptic stimuli were delivered 8±12 times for each interstimulus interval. The resulting pairs of field EPSPs were averaged for
each slice. The EPSP for the second pulse was normalized to the EPSP of the first pulse. Normalized EPSPs are plotted as a function of the
interstimulus interval (in ms) for synaptogyrin-deficient (A), synaptophysin-deficient (B), and double knockout mice (C). Each experiment was
carried out by comparing wild-type and the respective knockout strains (wild-type mice, open circles; knockout mice, solid circles). The
numbers of mice and slices analyzed are indicated on each graph.
the NMDA receptors in the postsynaptic CA1 neuron is mouse lines with diverse genetic backgrounds reveals
that the magnitude of LTP under standard conditions isreversed without requiring a large, maintained EPSP
during induction. At the low stimulation frequency used, very reproducible (Table 2). These findings suggest that
the decrease in LTP observed for the synaptogyrin/syn-no difference was observed in synaptic transmission
between knockout and wild-type animals (data not aptophysin double knockout mice is biologically mean-
ingful.shown). Thus, sufficient amounts of glutamate should
be released to activate the NMDA receptors and permit
Ca21 influx that in turn induces LTP. Even with this strong Synaptic Depression during Repetitive Stimulation
Is Normal in Synaptogyrin and Synaptophysininduction protocol, the double knockout mice still exhib-
ited a large decrease in LTP (Figure 7D). Thirty-five to Knockout Mice
Repetitive stimulation of synapses leads to a rundownforty minutes after induction, the EPSC recorded in CA1
neurons from wild-type animals was enhanced by 156 6 in the synaptic response, especially if performed under
conditions of high release probability. This rundown may2% (n 5 3 mice, seven slices). In contrast, we observed
an increase of only 113 6 3% (five mice, eleven slices) reflect a depletion of vesicles available for release and/
or an active depression of the release probabilityin double knockout animals (t 5 1.41; p , 0.0001).
One concern in the analysis of LTP in knockout mice (Rosenmund and Stevens, 1996; Wu and Borst, 1999).
In rab3A and synapsin knockout mice, we observedis that a global change in synaptic transmission and/or
strain-specific background effects may influence LTP changes in the regulation of release that cause a large
enhancement in synaptic depression (Geppert et al.,to the point that significant but biologically meaningless
changes arise. However, previous analyses of other 1994, 1997; Rosahl et al., 1995). To determine if the
synaptogyrin/synaptophysin knockouts exhibit similarknockout mice that have major changes in synaptic plas-
ticity, such as the knockouts for rab3A or synapsins changes, we examined their responses to repetitive
stimulation. Single knockouts of either synaptophysin I(Geppert et al., 1994; Rosahl et al., 1995), uncovered no
changes in LTP. Furthermore, direct comparison of the or synaptogyrin I had no effect on synaptic depression,
as would be expected from the moderate changes inmagnitude of LTP induced in this laboratory in various
Figure 6. Posttetanic Potentiation in Synaptophysin I, Synaptogyrin I, and Double Knockout Mice
PTP was induced by a single 1 s stimulus train of 100 Hz, with field EPSPs recorded every 3 s. Normalized EPSPs obtained from synaptophysin
knockout (A), synaptogyrin knockout (B), and double knockout mice (C) are plotted as a function of time. Each experiment was performed
with an internal wild-type control as shown (wild-type mice, open circles; knockout mice, solid circles), with the number of slices and animals
used indicated.
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Figure 7. Long-Term Potentiation in Synap-
tophysin I, Synaptogyrin I, and Double
Knockout Mice
(A) through (C) exhibit results of LTP experi-
ments in synaptophysin-deficient (A), synap-
togyrin-deficient (B), and double knockout
mice (C) in which LTP was induced by two
stimulus trains (100 Hz for 1 s) spaced 20 s
apart. Extracellular field recordings were
used to sample EPSPs every 30 s. In the ex-
periments shown in (D), LTP was induced by
a voltage pairing protocol using whole-cell
recording. Each experiment was performed
with the respective knockouts and wild-type
mice (wild-type mice, open circles; knockout
mice, solid circles).
synaptic transmission observed in these mice (Figures (Wu and Borst, 1999). The decrease in the recovery rate
in the double knockouts thus agrees well with the overall8A and 8B). Surprisingly, synaptic depression in the dou-
ble knockout mice was also unchanged (Figure 8C). This changes in Ca21-dependent short-term synaptic plastic-
ity observed in these mice.was unexpected in view of the changes in PPF, PTP,
and LTP found in these mice. We measured no enhance-
ment in synaptic depression in the double knockouts in Probability of Transmitter Release Is Normal
in Synaptophysin- and Synaptogyrin-normal extracellular Ca21 (2.5 mM) or when the probabil-
ity of transmitter release was enhanced by elevated con- Deficient Mice
One mechanism that might explain the reduction in PPF,centrations of extracellular Ca21 (5.0 mM; Figure 8D).
Synaptic depression is thought to reflect, at least in part, PTP, and LTP upon deletion of synaptophysin I and
synaptogyrin I is that the deletion increases the probabil-how quickly a synapse becomes depleted of vesicles.
Thus, it appears that the kinetics of vesicle cycling is ity of transmitter release. The enhanced release proba-
bility would occlude the subsequent potentiation of syn-relatively unchanged. However, the time taken to re-
cover from synaptic depression after high-frequency aptic transmission by forms of synaptic plasticity that
involve an increase in the probability of release, such asstimulation was prolonged in the double knockout com-
pared to wild-type mice (Figure 8E), particularly in ele- PPF and PTP (Zucker, 1989; Kullmann and Siegelbaum,
1995). To examine this possibility, we evaluated the re-vated external Ca21 concentrations when release proba-
bility is high (Figure 8F). Recent results indicate that the lease probability in the synaptogyrin/synaptophysin
double knockout mice with the MK-801 method. Thisrecovery from short-term synaptic depression is a Ca21-
regulated process akin to short-term synaptic plasticity method measures the rate of blockade of the NMDA
Table 2. Magnitude of LTP in Various Mouse Lines with Different Genetic Backgrounds Induced by a Standard Protocol (see the
Experimental Procedures) in the Siegelbaum Laboratory
Number Mouse Line Percent Potentiation Numbers of Mice/Slices Recording Mode
1 Synaptophysin/synaptogyrin DKO 122 6 0.6 8 mice, 10 slices field recordings
2 #1 WT control 144 6 1.5 5 mice, 7 slices field recordings
3 Synaptophysin/synaptogyrin DKO 113 6 1.0 5 mice, 11 cells whole cell
4 #3 WT control 156 6 2.0 3 mice, 7 cells whole cell
5 Synaptophysin KO 169 6 1.0 8 mice, 12 slices field recordings
6 #5 WT control 164 6 2.0 7 mice, 10 slices field recordings
7 Synaptogyrin KO 156 6 4.0 7 mice, 10 slices field recordings
8 #7 WT control 161 6 2.0 7 mice, 10 slices field recordings
9 12-lipoxygenase KO 167 6 2.0 4 mice, 13 slices field recordings
10 #9 WT control 163 6 2.0 4 mice, 10 slices field recordings
11 Rab3A KO 165 6 2.0 5 mice, 12 cells whole cell
12 #11 WT control 172 6 1.0 5 mice, 12 cells whole cell
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Figure 8. Synaptic Depression during High-
Frequency Repetitive Stimulation in Synapto-
physin I, Synaptogyrin I, and Double Knock-
out Mice
EPSPs were recorded from slices in a bath
solution with 50 mM D-APV under baseline
conditions (30 responses sampled every 6 s)
in normal external Ca21 (2.5 mM, [A]±[C] and
[E]) and elevated external Ca21 (5.0 mM, [D
and F]). After baseline recordings, 300 pulses
were applied at 70 ms intervals (14 Hz). The
second arrow shows when the test rate of
stimulation (once every 6 s) was resumed.
Normalized successive synaptic responses
are plotted as a function of stimulus number
for wild-type and knockout mice with the indi-
cated number of slices and animals (wild-type
mice, open circles; knockout mice, solid cir-
cles). (E) and (F) depict the recovery phase
from synaptic depression from (C) and (D) at
an expanded time scale. Following the high-
frequency train used to induce depression,
the amplitude of the field EPSP was mea-
sured after return to the initial low rate of
stimulation (once per 30 s). The amplitude of
the EPSPs was normalized by the size of the
EPSPs before the high-frequency train. The
EPSP amplitude recovers after 30±90 s. The
mutant mice show a significant slowing of the
time course of recovery from depression in
both normal (2.5 mM) and elevated extracel-
lular Ca21 (5.0 mM).
receptor±dependent EPSC by the NMDA receptor an- enhance the probability of release. In the first procedure,
tagonist, MK-801. Since MK-801 only blocks open we elevated the extracellular Ca21 concentration from
NMDA receptor channels (Huettner and Bean, 1988), the 2.5 mM to 5.0 mM. This resulted in a clear increase in
rate of blockade of the EPSC during a train of low- the rate of MK-801 block (Figure 9B). The Ca21 elevation
frequency stimuli is proportional to the probability of also reduced PPF by 45% (from 1.77 6 0.09 in 2.5 mM
release (Hessler et al., 1993; Rosenmund et al., 1993; Ca [n 5 10] to 1.42 6 0.06 in 5.0 mM Ca21 [n 5 10]; P ,
Manabe and Nicoll, 1994). 0.005), similar to the reduction in PPF observed between
The NMDA receptor EPSC was studied in isolation by wild-type and double knockout mice. Thus, if the reduc-
blocking non-NMDA receptors with CNQX (10 mM) and tion in PPF in the double knockout animals were solely
depolarizing the postsynaptic CA1 cell to 240 mV under due to enhanced release probability, we should have
whole-cell voltage clamp to partially relieve the normal detected a significant increase in the rate of MK-801
Mg21 block of the NMDA receptor. MK-801 (40 mM) was blockade.
then washed onto the slices in the absence of presynap- As a second test of the sensitivity of the MK-801
tic stimuli. The Schaffer collateral input was stimulated
assay, we applied an adenosine receptor antagonist,
at a low rate (0.125 Hz) until a steady-state degree of
8-(p-sulfophenyl)theophylline, which enhanced the sizeblock was obtained. Figure 9A illustrates that there was
of the EPSC approximately 2-fold. Previous studies haveno difference between the rate of MK-801 blockade be-
shown that adenosine receptor antagonists enhance thetween wild-type mice and mice that lacked both synap-
probability of release by blocking basal presynaptic inhi-tophysin I and synaptogyrin I, suggesting that, in agree-
bition due to the tonic release of adenosine in hippocam-ment with the short-term synaptic depression results
pal slices (Dunwiddie et al., 1981; Lupica et al., 1992).(Figure 8), the release probability is unchanged in the
The adenosine receptor antagonist clearly led to asynaptophysin/synaptogyrin double knockout mice. In
marked increase in the rate of MK-801 block, which wasorder to confirm that the MK-801 method can actually
associated with a 50% decrease in the amount of PPF.detect changes in release probability in our slice experi-
ments, we used two independent procedures known to Thus, we conclude that the deletion of synaptotagmin
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I and synaptophysin I does not significantly alter the
basal probability of transmitter release.
Tyrosine Phosphorylation of Synaptogyrin I
and Synaptophysin I
The electrophysiological and biochemical results sug-
gest that in the absence of synaptogyrin and synapto-
physin, short- and long-term synaptic plasticity are im-
paired without changes in the fundamental release
apparatus, vesicle cycling, or the release probability.
One of the most interesting properties of synaptogyrin
and synaptophysin is their tyrosine phosphorylation
(Barnekow et al., 1990; Linstedt et al., 1992; Janz and
SuÈ dhof, 1998). Strikingly, tyrosine phosphorylation by
the c-fyn tyrosine kinase has been implicated as an
essential step in LTP (Grant et al., 1992). To explore the
possibility that synaptogyrin and synaptophysin are in
fact substrates for fyn tyrosine kinase, we cotransfected
synaptogyrin and synaptophysin with c-src or fyn into
COS cells and analyzed tyrosine phosphorylation of the
expressed proteins by immunoblotting with phosphoty-
rosine antibodies (Figure 10A). These experiments re-
vealed that synaptogyrin and synaptophysin are phos-
phorylated by both c-fyn and c-src tyrosine kinases,
with synaptogyrin I being an even better substrate than
synaptophysin I (Figure 10A).
Since synaptogyrin and synaptophysin are abundant
proteins, it is possible that their deletion indirectly af-
fects the tyrosine phosphorylation of other synaptic pro-
teins. To test this, we isolated crude synaptosomes (P2)
and synaptic vesicles (LP2) from wild-type and double
knockout brains. The two fractions were purified in the
presence of tyrosine-phosphatase inhibitors and ana-
lyzed by immunoblotting with an anti-phosphotyrosine
antibody (Figure 10B). We observed almost identical
patterns of tyrosine-phosphorylated proteins in wild-
type and double knockout brains. In the knockouts, only
bands of 38 and 29 kDa were absent (Figure 10B, aster-
isks). These bands were identified by immunoblotting
Figure 9. Rate of MK-801 Blockade Is Not Altered upon Deletion
as synaptophysin and synaptogyrin (data not shown).of Both Synaptophysin I and Synaptogyrin I but Is Enhanced by
This result indicates that synaptogyrin and -physin areIncreased Release Probability
abundant tyrosine kinase substrates whose deletion(A) Rate of MK-801 block is not altered in double knockout mice.
does not markedly affect tyrosine phosphorylation ofThe progressive block by MK-801 of the NMDA receptor EPSC is
shown under whole-cell recording conditions from CA1 pyramidal other proteins.
neurons during stimulation of the Schaffer collateral input. Averaged
data from wild-type mice (open circles; data from eight slices from
Discussionfour mice) and double knockout mice (solid circles; data from seven
slices from four mice) (P 5 0.48 for pulses 1±30, F [1,13] 5 0.525,
Synaptophysin I and synaptogyrin I are among the mosttwo-way ANOVA).
(B) Rate of MK-801 block is significantly enhanced by elevation of abundant and conserved synaptic vesicle proteins,
external Ca21 from 2.5 mM (open circles) to 5.0 mM (filled circles) but their functions have remained enigmatic (reviewed
(P , 0.04 for pulses 1±30, F [1,13] 5 5.9). in SuÈ dhof, 1995). Transfection studies in PC12 cells
(C) Rate of MK-801 block is significantly enhanced by application
showed that overexpression of synaptophysin I and syn-of adenosine antagonist. Open circles, absence of antagonist. Filled
aptogyrin I leads to potent inhibition of exocytosis. Thecircles, presence of antagonist (three slices from three mice) (P ,
degree of inhibition rivalled that produced by tetanus0.005 for pulses 1±30, F [1,9] 5 13.25). 40 mM MK-801 was applied
to the slices in the absence of presynaptic stimulation. After a period toxin, suggesting a strong regulatory role for synapto-
$ 8 min, the Schaffer collateral input was stimulated once every 8 physin I and synaptogyrin I in neurotransmitter release
s. For each cell, EPSC amplitudes were normalized by the first EPSC. (Sugita et al., 1999). In the current study, we have taken
Data from all cells were then averaged. The same control data are
a different, genetic approach to elucidate the in vivoshown in each panel (open symbols). Error bars show SEM. External
roles of synaptogyrin I and synaptophysin I at the syn-solution contained 1.0 mM Mg21 and 10 mM CNQX. Holding potential
apse. We started with the notion that the two proteinswas 240 mV.
may be functionally redundant because they are dis-
tantly related, are colocalized to the same synapses,
and constitute major tyrosine-phosphorylated proteins
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was also observed when it was induced with a voltage-
pairing protocol. Together, these data demonstrate that
synaptogyrin I and synaptophysin I are partly function-
ally redundant and act as regulators of synaptic trans-
mission in vivo. Especially, the decrease in NMDA recep-
tor±dependent LTP is a novel phenotype for a knockout
of a synaptic vesicle protein and was not observed in
analyses of several other knockouts in synaptic vesicle
proteins (rab3A, synapsins I and II, rabphilin, and synap-
totagmin) (reviewed in SuÈ dhof, 1995; Fernandez-Chacon
and SuÈ dhof, 1999).
The data reported here strongly suggest that at least
expression of LTP has a presynaptic component. How-
ever, recent evidence showed that postsynaptic mem-
brane traffic is important for LTP and may utilize similar
proteins as presynaptic membrane traffic (Lledo et al.,
1998; O'Brien et al., 1998; Shi et al., 1999). Although
synaptogyrin I and synaptophysin I are highly concen-
trated on synaptic vesicles, it is not impossible that
these proteins also function postsynaptically. Thus, we
cannot exclude the possibility that synaptogyrin I and
synaptophysin I act postsynaptically in LTP. In either
case, our results provide direct evidence that synaptic
membrane traffic represents a regulatory target in short-
term and long-term synaptic plasticity.
What is the mechanism of action of synaptophysin I
and synaptogyrin I in synaptic plasticity? One hypothe-
sis is that these proteins directly participate in establish-
Figure 10. Tyrosine Phosphorylation of Synaptogyrin I and Synap- ing Ca21-dependent forms of synaptic plasticity. This
tophysin I hypothesis suggests that the decrease in PPF, PTP, and
(A) Synaptogyrin I and synaptophysin I are in vivo substrates for LTP in the double knockouts is a manifestation of a
c-src and fyn tyrosine kinases. COS cells were cotransfected with defect in the Ca21-dependent modulation of synaptic
expression vectors encoding synaptogyrin (lanes 1, 4, and 7), synap-
transmission. This hypothesis is supported by the strongtophysin (lanes 2, 5, and 8), or control plasmid (lanes 3 and 6) and
inhibition of exocytosis observed after transfection ofc-src (lanes 3±5) or c-fyn protein kinase (6±8). COS cell proteins
these proteins into PC12 cells (Sugita et al., 1999) andwere analyzed by immunoblotting with phosphotyrosine antibodies.
The synaptogyrin and synaptophysin bands on the blot were con- the selective regulatory phenotype in the synaptophy-
firmed by immunoblotting (data not shown) and are identified by sin/synaptogyrin double knockout mice observed here.
closed and open arrows, respectively. If this hypothesis is correct, synaptogyrin I and synapto-
(B) Tyrosine-phosphorylated proteins in wild-type and double physin I could be thought of as participants in the re-
knockout mice. Crude synaptosomes (P2) and synaptic vesicles
cently described processes of ªmetaplasticityº (re-(LP2) prepared from wild-type (WT) and synaptophysin/synapto-
viewed in Deisseroth et al., 1995; Abraham and Bear,gyrin double knockout mice (DKO) were analyzed by immunoblotting
1996). An inclusive view of metaplasticity defines it asusing a phosphotyrosine-specific antibody. Bands corresponding
to synaptophysin I and synaptogyrin I are marked with asterisks any process that causes a persistent change in the di-
and arrows. rection or degree of synaptic plasticity elicited by a given
pattern of synaptic activation (Abraham and Bear, 1996),
and our data are entirely consistent with changes in
of synapses. Based on this idea, we set out to test if such processes.
double knockouts in synaptophysin I and synaptogyrin An alternative explanation for the decreases in PPF,
I may give rise to a phenotype that reflects essential PTP, and LTP in the double knockout mice is that dele-
functions performed by both proteins. tion of synaptogyrin I and synaptophysin I increases
Our results show that synaptogyrin I single knockout the probability of neurotransmitter release. Short-term
mice, similar to synaptophysin I knockout mice (McMa- synaptic plasticity (PPF and PTP) is thought to be due
hon et al., 1996), exhibit few changes in overall brain to an enhancement of the probability of release (Zucker,
structure or function. The only detected phenotype was 1989), and it is at least possible that LTP also involves
a moderate decrease in PTP, indicative of a role for a presynaptic increase in release probability, although
synaptogyrin I in presynaptic regulation. The synapto- this is controversial. Thus, the decreases in PPF, PTP,
gyrin/synaptophysin double knockout, however, dis- and LTP in the double knockout mice could, in principle,
played major changes in the regulation of neurotransmit- be explained by an enhanced initial probability of trans-
ter release that are summarized in Table 3. Short-term mitter release (e.g., see Bolshakov and Siegelbaum,
(PPF and PTP) and long-term synaptic plasticity (LTP) 1995). This simple explanation, however, is not consis-
were impaired (Figures 5±7). The large decrease in LTP tent with three of our results. First, the lack of a change
in the knockouts was not a secondary consequence of short-term synaptic depression in response to high-
of impaired PTP. Although decreased PTP could have frequency stimulation argues against an increase in re-
lease probability (Figure 8). Synaptic depression iscaused insufficient induction of LTP, a defect in LTP
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697
Table 3. Summary of Electrophysiological Properties of Synaptogyrin and Synaptophysin Knockout Mice
Knockout
Parameter Synaptophysin Synaptogyrin Synaptogyrin/-physin DKO
Paired pulse facilitation no change no change ≈30±40% decrease
Posttetanic potentiation no change ≈30% decrease ≈50% decrease
Long-term potentiation (field) no change no change ≈50% decrease
Long-term potentiation (cell) not tested not tested ≈70% decrease
Synaptic depression no change no change no change
Release probability not tested not tested no change
The table summarizes the data from Figures 5±9. Results from the synaptophysin single knockout mice were identical to those observed
previously (McMahon et al., 1995).
thought to result from the depletion of releasable synap- identify here uncover a major regulatory role. The pre-
tic vesicles and a Ca21-dependent decrease in release cise nature of this function is unclear, and future studies
probability (Wu and Borst, 1999). The steady-state ex- will have to elucidate its molecular mechanism. One
tent of depression presumably reflects the steady-state plausible model for the role of synaptogyrin I and synap-
balance between the probability of vesicle release and tophysin I in synaptic plasticity is that they are targets
the rate of vesicle recycling. An enhanced probability for the regulation of transmitter release by tyrosine phos-
of release should increase the rate and extent of depres- phorylation. Tyrosine phosphorylation has been impli-
sion, which was not observed. Second, measurements cated in LTP (O'Dell et al., 1991; Abe and Saito, 1993;
of release probability using the rate of NMDA receptor Figurov et al., 1996; Patterson et al., 1996) and in short-
blockade by MK-801 during low-level stimulation failed term regulatory control of transmitter release (Lohof et
to uncover a difference between wild-type and double al., 1993; Kang and Schuman, 1995; Kang et al., 1997).
knockout synapses. The MK-801 blocking rate provides It is possible that at least part of the effects observed
a sensitive assay of release probability, capable of de- in these previous studies result from alterations in the
tecting changes of less than 40% in release probability levels of phosphorylation of synaptogyrin I and synapto-
(e.g., Hessler et al., 1993; Rosenmund et al., 1993; Ma- physin I. This hypothesis is supported by the finding
nabe and Nicoll, 1994; Weisskopf and Nicoll, 1995; Kull- that the tyrosine kinase c-fyn is essential for normal
mann et al., 1996; Geppert et al., 1997). If we assume hippocampal LTP and, as shown here, phosphorylates
that the decrease in LTP from 156% of baseline in wild- synaptogyrin and synaptophysin in vivo. It will be of
type animals to 113% of baseline in the double knock- interest in future experiments to determine whether vari-
outs is solely a result of an enhanced basal release ous forms of tyrosine kinase-dependent regulation of
probability, then this probability would have to be in- synaptic transmission are indeed defective in the mutant
creased by more than 75% over its initial value. How- mice. Furthermore, it will be important to elucidate
ever, we detected no change in the rate of MK-801 whether synaptic plasticity in the mutant mice can be
blockade in the knockout animals, while this rate was rescued by knock in of synaptophysin or synaptogyrin
significantly enhanced in control experiments in which mutants that are lacking the normal sites for tyrosine
the release probability was increasing pharmacologi-
phosphorylation.
cally (Figure 9). Third, biochemical glutamate release
measurements also failed to detect an increase of re-
lease under regular stimulation conditions. Together, Experimental Procedures
these findings argue against a permanently altered re-
Generation of Knockout Micelease probability in the knockout mice as an explanation
A genomic clone containing exons II and III of the synaptogyrin genefor the phenotype.
was isolated from a l-Fix SV129 mouse genomic library (Stratagene)
How could synaptogyrin I and synaptophysin I regu- using standard techniques (Sambrook et al., 1989). The insert was
late synaptic transmission? The phenotype we observed subcloned, mapped, and partially sequenced. A targeting vector
is expressed on the background of an essentially nor- was constructed by (1) insertion of an ≈7 kb NotI/EcoRI fragment
(upstream of exon II in the genomic clone) into a shuttle vectormal brain. For example, synapsin knockouts exhibited
containing a neomycin resistance gene cassette (neo) and two cop-changes in short-term synaptic plasticity together with
ies of the HSV thymidine kinase (TK) gene; and (2) a second genomicmajor decreases in synaptic vesicle proteins and a large
fragment (downstream of exon II) was amplified by PCR (oligos,acceleration in synaptic depression but normal LTP (Ro-
GCATGTCGACACCCCAACCTCTCT and GCCATCGATGCCCTTsahl et al., 1995). In contrast, we observed no changes
TAACAGTGTGTCGAG). This fragment was inserted into the SalI/
in brain structure and composition in the synaptogyrin/ ClaI sites between the neo gene and the TK genes of the plasmid
synaptophysin knockouts. Synaptic vesicle protein lev- obtained in (1). The resulting targeting vector was linearized with
els were not depressed, and repetitive stimulation led NotI and electroporated into embryonic stem cells (SM1 cells) grown
on STO fibroblasts that had been mitotically inactivated by radiation.to synaptic depression that is not accelerated compared
Stem cells were selected with G418 (0.19 g/l on days 2±9) and FIAUto wild-type synapses. Thus, the synaptic phenotype of
(0.1 mg/l on days 3±6). Double-resistant clones were analyzed forthe synaptogyrin/synaptophysin knockouts is remark-
homologous recombination by Southern blotting using BamHI-ably selective and does not affect the composition of
digested genomic DNA and an ≈0.7 kb PstI genomic fragment as a
synapses. It is possible that synaptogyrin I and/or syn- probe (Figure 1A). Homologously recombined clones were injected
aptophysin I perform additional functions that are redun- into C57/Bl6 mouse blastocysts and implanted into pseudopregnant
dant with other synaptic proteins, for example synapto- mice. Chimeric mice were bred against C57/Bl6 mice. Mice were
genotyped by Southern blotting as described above or by PCR usingporin or synaptogyrin III. However, the functions we
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oligonucleotides 676 versus 1378 for the knockout allele (0.9 kb were detected by ECL. Tyrosine phosphorylation of synaptogyrin
and -physin in transfected COS cells was investigated using COSproduct) and 1377 versus 1378 for the wild-type allele (1.0 kb prod-
uct) (sequences: 676, GAGCGCGCGCGGCGGAGTTGTTGAC; 1377, cell transfections as described (Janz and SuÈ dhof, 1998).
CATCGTGGTCTTCGGCTCTATCGTGAA; 1378, AGGGGGACAGTT
CAAGAGCATGTTC). Synaptogyrin knockout mice were crossed Immunohistochemistry
with synaptophysin knockout mice (McMahon et al., 1996) to gener- Experiments were performed with peroxidase-labeled secondary
ate double knockout mice. Genotyping for synaptophysin knockout antibodies, peroxidase±anti-peroxidase complexes, and metal en-
mice was performed by PCR (McMahon et al., 1996). Knockout lines hancement essentially as described (Rosahl et al., 1995; McMahon
homozygous for either synaptogyrin or synaptophysin deletions or et al., 1996). They were conducted with brains from single and dou-
both as well as wild-type control lines were derived from crosses ble knockouts and wild-type mice with similar results.
of double heterozygous synaptogyrin and synaptophysin knockout
mice. These crossings involved a breeding scheme outlined in Fig-
Electrophysiological Recordings
ure 2 that excludes brother/sister matings and maintains constant
Hippocampal slices (250±300 mm) were prepared from 8- to 14-
mixing between different sublines.
week-old control and mutant mice. Data collection and analysis
for the extracellular field recordings were performed blind without
Glutamate Release Assay knowledge of the genotype of the animal. Slices were continuously
Synaptosomes were prepared by homogenizing one mouse neocor- superfused with artificial cerebrospinal fluid (composition in mM:
tex in 10 ml of 0.32 M sucrose, 10 mM HEPES (pH 7.4), and 0.1 mM 119 NaC1, 2.5 KCI, 1.0 MgSO4, 26.2 NaHCO3, 10 glucose ([pH 7.3±
EDTA in a glass teflon homogenizer (900 rpm, 10 strokes). The 7.4]) with 95% O2, and 5% CO2 at room temperature). In all experi-
homogenate was centrifuged for 10 min at 950 g to remove debris, ments, 0.1 mM picrotoxin was added to the bath solution. An NMDA
with the supernatant recentrifuged at 15,000 g for 20 min. The pellet receptor antagonist (D-APV, 50 mM) was present in the bath solution
(P2) was resuspended in 1 ml Krebs-bicarbonate buffer (118 mM in the experiments measuring PPF, PTP, and synaptic depression
NaCl, 3.3 mM KCl, 1.25 mM CaCl2, 1.2 mM MgCl2, 1.2 mM KH2PO4, due to high-frequency repetitive stimulation. Field potentials from
25 mM NaHCO3, 11.5 mM glucose, and 10 mM HEPES [pH 7.4]) the CA1 stratum radiatum region were recorded with an extracellular
aerated with 95% O2/5% CO2. All steps were carried out on ice or recording electrode (3±5 mOhm) filled with extracellular solution. To
at 48C. For the release assays, 250 ml synaptosomes were incubated elicit synaptic responses, Schaffer collateral/commissural fibers in
with 0.25 mM 3H-glutamate (24 Ci/mmol) for 5 min at 348C under an the stratum radiatum were stimulated with bipolar tungsten elec-
atmosphere of 95% O2/5% CO2. One hundred and ten microliters trodes with the frequencies given in the figure legends. In PPF
of labeled synaptosomes was suspended over 50 ml of coarse Seph- experiments, 8±12 pairs of EPSCs were recorded and averaged at
arose G-25 in Krebs-bicarbonate buffer on a glass filter in a superfu- each interstimulus interval. The shortest interval was tested first.
sion chamber made out of a 1 ml syringe. The chamber was put in PTP was induced by applying a 1 s stimulation train of 100 Hz. LTP
a 348C waterbath, and the synaptosomes were superfused at a flow was induced with two 1 s trains of 100 Hz stimulation delivered 20
rate of 0.8 ml/min for 13 min with Krebs-bicarbonate buffer saturated s apart. For the experiments in which LTP was induced by voltage
with 95% O2/5% CO2. After this, fractions were collected every min pairing, whole-cell recordings were obtained from CA1 pyramidal
for 15 min. After 3 min, a 30 s pulse of 25 mM KCl in Krebs-bicarbon- cells using an EPC-9 amplifier and Pulse v8.09 software (HEKA
ate buffer was applied, and after 10 min, a 30 s pulse of 0.5 M Elektronik). The patch electrodes (3±8 mOhm) contained (in mM):
sucrose in Krebs-bicarbonate buffer was applied. The fractions and 130 KCl, 0.5 CaCl2, 1.1 EGTA, 5.0 NaCl, 1.0 MgCl2, 10 HEPES (pH
the remaining radioactivity in the synaptosomes were measured 7.2), 2 Mg-ATP, and 0.1 Na-GTP. Series resistance was monitored
by scintillation counting. Released glutamate in each fraction was throughout each experiment and was in the range of 10±30 mOhms.
calculated as percent of the total glutamate remaining in the synap- The EPSCs were filtered at 1±2 kHz and digitized at 2.5±5.0 kHz.
tosomes at any given time point. The EPSC amplitudes were measured as the difference between
the mean current during a prestimulus baseline and the mean current
over a 2 ms window at the peak of the response. The holding poten-Immunoblotting Experiments
tial was 270 mV. For LTP induction, the CA1 neuron was voltageBrains were homogenized in 10 volumes of PBS with 5 mM EDTA
clamped at 110 mV for 40 s, during which time the Schaffer collat-and 0.1 mM PMSF on ice. An aliquot was removed for protein mea-
eral/commissural fiber input was stimulated at 2 Hz. For the mea-surement using a BIORAD Coomassie kit while the rest of the ho-
surements of release probability using MK-801, slices were bathedmogenates were mixed with 23 sample buffer (Laemmli, 1970) and
in 40 mM MK-801 prior to whole-cell recording of NMDA receptor±stored at 2708C until use. For the immunoblotting analysis, equal
dependent responses after stimulation of Schaffer collateral fibersamounts of protein were separated by SDS-PAGE (Laemmli, 1970)
at 0.125 Hz.and blotted onto nitrocellulose (Towbin et al., 1979). Nonquantitative
analyses were performed with peroxidase-coupled secondary anti-
bodies (Cappel) and ECL detection (Amersham). For quantitative Acknowledgments
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